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 We present an open wavefront sensor setup assisted with MATLAB programming to be 
used to teach the operating principle of Shack-Hartmann aberrometry. A new Graphical User 
Interface (GUI) has also been developed to determine the wavefront parameters from 
experimental measurements and the associated aberrations, which is a fundamental issue in 
Optical Engineering. From a didactical point of view, the proposed method allows students to 
interpret the results in a visual and heuristic way.  
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1. Introduction 
 Wavefront sensors, also known as aberrometers, are important instruments in Optics 
and Wave Physics in general. For example, these instruments are commonly used in Adaptative 
Optics to improve the images taken with modern astronomical telescopes by reducing the effect 
of wavefront distortions introduced by the earth’s atmosphere [1]. Wavefront sensors have been 
also used extensively in various research fields, including optical communications [2], 
microscopy [3], fiber lasers [4], singular optics [5], and eye surgery [6], among others. 
 Several types of wavefront sensors have been efficiently developed, including 
wavefront curvature sensor [7], pyramid wavefront sensor [8], common-path interferometer [9], 
wavelet-transform profilometry [10], or shearing interferometer [11]. However, Shack-
Hartmann (SH) based devices are probably the most popular [12, 13]. Its principle is relatively 
simple and well known [14]. It consists on an array of microlenses of the same focal length 
located in front of a camera sensor. The local tilt of the wavefront across each lens can then be 
calculated from the position of the focal spot on the sensor. The complete wavefront is then 
derivated using a reconstruction algorithm based, for instance, on Zernike polynomial 
decomposition [15]. 
Since a SH wavefront sensor is a very important device in science and technology, it 
should be taught to students in Optics and Wave Physics courses. Incorporating a SH sensor 
into optics laboratories, students are introduced to contemporary research activities. 
Unfortunately, SH sensors from laboratory suppliers are extremely expensive for pedagogical 
purposes. Moreover, commercial SH sensors are closed units in which is not possible to 
investigate the influence of the different internal components. Other wavefront sensors have 
been developed for its use in undergraduate laboratories, but these setups incorporate 
unconventional components, as for example arrays of micro zone plates [16]. This kind of array 
of diffractive lenses can be designed in a computer and can be printed on a transparent film. 
However, a binary zone plate is only able to focus the 10% of the incident light. Another 
alternative is to replace the array of microlenses by a simple pinhole array, but with significant 
light losses.  
 In this work we present a low cost SH sensor developed with the standard equipment 
present in most undergraduate optics laboratories. The proposed open experimental setup is 
assisted with MATLAB programming. MATLAB has emerged as a common programming 
language for science and technology due to its ease of use and flexibility [17-22]. We have 
developed a new Graphical User Interface (GUI) that allows students to obtain a rapid 
reconstruction of the wavefront from experimental measurements by using the Zernike 
polynomials. In particular, we have used the customized SH sensor as a focimeter to 
characterize different ophthalmic lenses. The GUI also provides the lens high order aberrations 
which is essential to determine the quality of this kind of lenses.  
 
2. Basic theory 
 The principle of operation of the SH wavefront sensor is shown in Fig. 1. The two basic 
elements of the sensor are a Microlens Array (MLA) and a CCD as a camera sensor. A plane 
wave incident upon the device produces an array of spots on a regular matrix determined by the 
geometry of the lenslet array. An aberrated wavefront gives an array of displaced spots, being 
the centroid of each spot determined by the average slope of the wavefront over each lenslet. 
The centroid of theses spots can be found by applying object detection algorithms. The 
wavefront slope at each point can be derived from the relation between the displacements of the 














                                                                    (1) 
where [?̅?𝑥,𝑦𝑦�] are the reference spots position vector, 𝜕𝜕(?̅?𝑥,𝑦𝑦�) is the Aberrated Wavefront (AW), 
𝑓𝑓𝑀𝑀𝑀𝑀𝑀𝑀 is the focal distance of the MLA, and [∆𝑥𝑥(?̅?𝑥,𝑦𝑦�),∆𝑦𝑦(?̅?𝑥,𝑦𝑦�)] are the displacements vector in 
the x direction and y direction respectively.  
The AW can be expanded in the orthonormal Zernike basis [23]. The pupils are usually 
circular and this basis is orthonormal over the unit circle. Then, the wavefront phase can be 




,                                                             (2) 
where M is the number of Zernike modes employed in the decomposition, 𝑍𝑍𝑖𝑖(?̅?𝑥,𝑦𝑦�)  is the 
Zernike function for the ith mode, and 𝑎𝑎𝑖𝑖 is the ith Zernike coefficient. Each Zernike polynomial 
represents a particular wavefront aberration and the coefficients represent the weight of each 

















                                                            (3) 
The above expression can be rewritten in a matrix form as 
1
𝑓𝑓𝑀𝑀𝑀𝑀𝑀𝑀
· 𝒅𝒅 = 𝑩𝑩 · 𝒂𝒂,                                                                         (4) 
where d is a vector of dimension 2𝑁𝑁 × 1 containing the displacements, N is the number of 
microlenses that sample the wavefront, and a is the Zernike coefficients vector of dimension 
𝑀𝑀 × 1  with the Zernike coefficients. The matrix B, with the derivates of the Zernike functions, 
has dimension 2𝑁𝑁 × 𝑀𝑀. 
In order to obtain the Zernike coefficients vector, a, we have to invert B. Taking into 
account that B is, in general, a rectangular matrix, the left-sided inverse matrix is used for this 
purpose, obtaining 
𝒂𝒂 = �𝑩𝑩T · 𝑩𝑩�−1 · 𝑩𝑩T · 𝒅𝒅.                                                              (5) 
For the particular case of an ophthalmic sphero-cylindrical lens without high order 
aberrations the surfaces are quadratic sections. Then, the generated wavefront under planewave 
illumination can be expressed as: 
𝜕𝜕(?̅?𝑥,𝑦𝑦�) = 𝑎𝑎3𝑍𝑍3(?̅?𝑥,𝑦𝑦�) + 𝑎𝑎4𝑍𝑍4(?̅?𝑥,𝑦𝑦�) + 𝑎𝑎5𝑍𝑍5(?̅?𝑥,𝑦𝑦�).                                    (6) 
From these Zernike polynomials of the second order, the refractive error can be 
calculated using a least squares fitting of the wavefront [25]. The Zernike coefficients can be 
















� ,                          (7) 
where RP is the pupil radius, 𝑆𝑆  is the spherical power of the lens in dioptres (D), 𝐶𝐶  is the 
cylindrical power (astigmatism) of the lens in diopters (D), and 𝛼𝛼 corresponds to the axis of the 
cylindrical power in degrees (º). 
 
 
3. The program 
We have developed a new MATLAB GUI for a rapid reconstruction of the wavefront 
produced by different tested lenses. Fig. 2 shows the algorithm flowchart of the program: 
• First, the user has to introduce the input parameters (as detailed in Sect.3.1). 
• The program displays both images and obtains the reference and test focal spots 
positions, which allows calculating the displacements vector (d). 
• Using the matrix with the derivatives of the Zernike functions (B) computed at the 
reference spots positions and the above displacements vector (d), the Zernike 
coefficients can be obtained with the Eq. (5). 
• Finally, the program performs a wavefront reconstruction of the incident beam 
using Eq. (2) with the calculated Zernike coefficients and determines the sphero-
cylindrical ophthalmic parameters using Eq. (7). 
Following this flowchart, we have developed a Graphical User Interface (GUI) which main 
screen is shown in Fig. 3. The interface is structured in three parts: The input parameters screen 
on the left, the calculation screen at the center, and the output screen on the right.  
3.1 The input parameters screen 
Fig. 4 shows the screen corresponding to the input parameters that need to be provided: 
• The reference and test image images are loaded by selecting the corresponding files 
(Reference.jpg and Lens4_1.jpg, respectively, in the example of Fig. 4). 
• The parameter 𝑓𝑓𝑀𝑀𝑀𝑀𝑀𝑀  must be adjusted to the characteristics of the MLA 
implemented ( 𝑓𝑓𝑀𝑀𝑀𝑀𝑀𝑀 = 50 mm in our laboratory). 
• Other parameters such as the pixel size in microns of the loaded images  
(∆𝑝𝑝𝑖𝑖𝑝𝑝= 4.4 µm in the example of Fig. 4) and the wavelength of the lighting source 
(𝜆𝜆 = 633 nm in the example of Fig. 4) have to be introduced by the user. 
Once the above parameters are loaded the custom software detects automatically the center 
of the focal spots by applying image processing techniques. For the identification and location 
of the focal spots, a threshold is applied to the sum of the reference image rows and columns, 
generating a reference grid pattern. Then, for each obtained reference spot the algorithm applies 
a threshold to the surrounding region and looks for objects (function regionprops [27]). If there 
is only one object inside the considered region, it is assigned to the corresponding reference 
spot. At the bottom of Fig. 4 the focal spots of the reference image (green points) and the focal 
spots of the aberrated image (red points) are shown. If the option “View/Points” is selected, the 
program marks the points that will be used in the calculation of the wavefront parameters. 
Moreover, if the option “View/Lines” is selected, the displacement of each focal spot will be 
shown as a line. By clicking the buttons + and –  new focal spots, not detected with the 
automatic algorithm, can be added or deleted to form pairs of focal spots that are not properly 
matched up. Clicking the “Reset” button, the program erases all the focal spots selection and 
recalculates them automatically. The yellow circular line in Fig.4 shows the pupil considered in 
the calculations. It is determined by the best area for the calculation of the Zernike coefficients 
according to the selected focal spots.  
3.2 The calculation screen 
Figure 5 shows the central part of the GUI corresponding to the calculation screen. The “?” 
button opens a help window with information about the Zernike polynomials. By clicking the 
“CALCULATE” button, the corresponding Zernike coefficients are calculated from the 
displacement between the reference spots and the focal spots provided by the tested lens, i.e., 
the displacement vector d is obtained. Using Eq. (5), the Zernike coefficients are calculated up 
to k=14. Together with the k parameter the parameters n and m are also shown, which represent 
the radial order and the azimuthal order of the corresponding Zernike mode [24]. As an output 
parameter, this window shows the numerical values of the computed Zernike coefficients (in 
microns). This screen shows the aberration corresponding to each Zernike polynomial mode 
(tilt, defocus, astigmatism, coma, ...). Additionally, the checkboxes of the modes allow to select 
the modes used in the wavefront reconstruction. Finally, the wavefront is reconstructed from the 
calculated Zernike coefficients using Eq. (2). By defaults, the modes k=1 and k=2 are 
unchecked in order to avoid the tilt effect of the system.  
3.3 The output screen 
The output screen (Fig. 6) shows the wavefront reconstruction corresponding to the values 
in Fig. 5. If the checkbox "Phase" is selected, the reconstructed wavefront is shown applying the 
modulus λ function in order to stand out the phase shifts. Clicking the “Save” button, the GUI 
exports the following information about the reconstruction: An image file with the superposition 
of the reference and the aberrated focal spots, an image file with the wavefront reconstruction, 
and a data file with the calculated Zernike coefficients and the pupil radius. Additionally, the 
GUI shows the corresponding values under the conventional script notation in terms of sphere 
(𝑆𝑆), cylinder (𝐶𝐶), and angle (𝛼𝛼), computed using Eq. (7) (see the bottom of Fig. 6). Note that in 
the example of Fig. 6, the analyzed wavefront corresponds to a negative lens with power -2.24 
D and a nearly negligible astigmatism. 
 
4. Results 
 Figure 7 shows the basic arrangement of the SH sensor developed in our laboratories. A 
point light source is generated with a red LED of wavelength 633 nm and a microscope 
objective. This point source is located on the focal plane of the lens L1 to obtain a collimated 
planar wavefront. The tested lens is mounted on a rotary stage with an XY micrometric 
platform. The lenses L2 and L3 form a confocal system with the tested lens and the MLA at 
conjugated planes. In this customized SH sensor we used a 13 × 13 convergent MLA. Each 
microlens has a focal length of 𝑓𝑓𝑀𝑀𝑀𝑀𝑀𝑀 = 50 mm and a pitch of  500 𝜇𝜇m. An 8-bit CMOS camera 
with 1280 × 980  pixels (the effective size of the pixel is 4.4  𝜇𝜇m ) is located on a plane 
conjugated with the focal plane of the MLA. Finally, the captured image files are analyzed with 
the GUI described in the previous section. 
To test the experimental setup and the program, a set of monofocal lenses (two concave, 
two convex, two cylindrical and two sphero-cylindrical lenses) were measured and compared 
with its nominal value (see Table 1). The axis has not been considered in the astigmatic lenses 
due to its dependence on the lens placing in each measure. Each lens was measured four times 
to determine the mean value of the sphere, the cylinder and their uncertainty. In all cases, the 
standard deviation of the measurements was lower than 0.01 D. Note that a good agreement is 
obtained between the experimental and nominal values (taking into account that the nominal 
values have an uncertainty of 0.12 D according to the manufacturers). 
Figure 8 shows the wavefront modulus λ obtained from the calculated Zernike 
coefficients (without tilts and up to fourth radial order Zernike polynomials). The representation 
of the wavefront modulus λ gives visual information about if the tested lens is spherical, 
cylindrical or sphero-cylindrical, or if the lens has low or high power and even which is the 
direction of the cylinder axis. In this way, we can determine from Fig. 7 that L1 and L2 are 
convergent lenses, and L2 has a higher power than L1. Note also that L3 and L4 are divergent 
lenses, and L4 has a higher power than L3. On the other hand, L5 and L6 are astigmatic lenses 
with different cylindrical power and orientation. Finally L7 and L8 are lenses with different 
combinations of spherical and cylindrical powers. 
 
5. Conclusions 
 The wavefront sensors are an integral part of the subject Opto-Electronic Sensors 
Technology of the Master's Degree in Sensors for Industrial Applications at the Technical 
University of Valencia, Spain. The theoretical background of this topic is supplemented with 
theoretical lessons in the classroom and with laboratory work. Compared with more expensive 
commercial alternatives, the proposed open experimental set-up allows students to investigate 
the influence of each component of the system. To avoid a tedious computational work, the 
sensor response is assisted with the MATLAB GUI presented in this work. As a practical 
laboratory experience with students, we tested different monofocal lenses obtaining a very good 
agreement with the nominal values. Students thought it was very interesting and motivating, and 
the mathematical difficulties were overcame with the developed GUI. On the other hand, the 
experiment helped students to understand the basic principles of wavefront sensors and their 
applications in some scientific and technological areas. For example, the proposed setup can be 
used also to study the lasers beam quality. 
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Nominal values (D) Measured values (D) 
Sphere Cylinder Sphere Cylinder 
L1 0.25 0.00 0.23 -0.02 
L2 2.50 0.00 2.19 -0.06 
L3 -0.25 0.00 -0.24 -0.01 
L4 -2.50 0.00 -2.25  -0.03 
L5 0.00 -0.50 0.02  -0.44 
L6 0.00 -2.25 0.00  -2.06 
L7 1.25 -2.00 1.07  -1.75 
L8 -0.25 -2 -0.26  -1.82 
Table 1: Comparison of the spherical and cylindrical powers measured for the tested lenses 







Figure 1: a) Basic elements of a SH. b) Superimposed images of a reference spots pattern and a 
tested spots pattern. If a plane wave or reference wavefront reach the MLA, each microlens give 














































Figure 7: a) Experimental setup employed to study the aberrations of the tested lenses.  




Figure 8: Wavefront modulus λ for the different tested lenses. 
 
 
 
 
